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An optical cavity, such as a laser or transmissive cavity, that 
can contain an analyte provides a different intensity-energy 
function With analyte present than When absent. The inten 
sity-energy functions can, for example, include respective 
peaks that are different in at least one of central energy, 
amplitude, contrast, and full Width half maximum (FWHM) 
(or other intermediate intensity Width). Each intensity-energy 
function can include a set of modes in Which the optical cavity 
provides output light. A laterally varying transmission com 
ponent, such as a layered linearly varying ?lter, responds to 

(73) Assignee: Palo Alto Research Center the intensity-energy functions by providing different laterally 
Incorporated varying energy distributions to a photosensing IC, and the 

distributions are also different, such as in position, siZe, or 
_ intensity. In response, the photosensing IC provides sensing 

(21) Appl' NO" 11/702’250 results that are also different. The sensing results can be used 
to obtain information about the analyte, such as its refractive 

(22) Filed: Feb. 5, 2007 index or absorption coe?icient. 
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PHOTOSENSING OPTICAL CAVITY OUTPUT 
LIGHT 

[0001] This application is related to the following co-pend 
ing applications, each of Which is hereby incorporated by 
reference in its entirety: “Chip-Size Wavelength Detector”, 
US. patent application Ser. No. 10/922,870, noW published 
as US. Patent Application Publication No. 2006/0039009; 
“Biosensor Using Microdisk Laser”, US. patent application 
Ser. No. 10/930,758, noW published as US. Patent Applica 
tion Publication No. 2006/0046312; “Sensing Photon Ener 
gies Emanating From Channels or Moving Objects”, US. 
patent application Ser. No. 11/315,992; “Photosensing 
Throughout Energy Range and in Subranges”, US. patent 
application Ser. No. 11/316,438; “Obtaining Analyte Infor 
mation”, US. patent application Ser. No. 11/316,303; “Posi 
tion-Based Response to Light”, US. patent application Ser. 
No. 11/633,302; “Encoding Optical Cavity Output Light”, 
US. patent application Ser. No. 11/BBB,BBB [Attorney 
Docket No. 20051733Q-US-NP/U1047/041]; “Obtaining 
Information From Optical Cavity Output Light”, US. patent 
application Ser. No. 11/CCC,CCC [Attorney Docket No. 
20060251-US-NP/U1047/035]; “Distinguishing Objects”, 
US. patent application Ser. No. 11/DDD,DDD [Attorney 
Docket No. 20051733Q1-US-NP/U1047/042]; “Moving 
Analytes and Photosensors”, US. patent application Ser. No. 
11/EEE,EEE [Attorney Docket No. 20051733Q2-US-NP/ 
U1047/043]; and “Implanting Optical Cavity Structures”, 
US. patent application Ser. No. 11/FFF,FFF [Attorney 
Docket No. 20060271-US-NP/U1047/036]; “Containing 
Analyte In Optical Cavity Structures”, US. patent applica 
tion Ser. No. 11/GGG,GGG [Attorney Docket No. 
20061188-US-NP/U1047/044]; “Tuning Optical Cavities”, 
US. patent application Ser. No. 11/HHH,HHH [Attorney 
Docket No. 20061409-US-NP/U1047/045]; and “Tuning 
Optical Cavities”, US. patent application Ser. No. 11/JJJ,JJJ 
[Attorney Docket No. 20061409Q-US-NP/U1047/046]. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to tech 
niques involving optical cavities, such as techniques that 
sense output light from optical cavities. Such techniques can, 
for example, obtain sensing results that include information, 
such as about an analyte. 

[0003] LiangX.J.,Liu,A.Q.,Zhang,X.M.,Yap,P.H.,Ayi, 
T. C., and Yoon, H. S., “Refractive Index Measurement of 
Single Living Cell Using a Biophotonic Chip for Cancer 
Diagnosis Applications,” 9”’ International Conference on 
MiniaturiZed Systems for Chemistry and Life Sciences, Oct. 
9-13, 2005, Boston, Mass., 2005, pp. 464-466 describe tech 
niques that perform refractive index (RI) measurement of 
single living cells using a biophotonic chip for cancer diag 
nosis applications. Liang et al. describe a biophotonic chip 
that is formed by bonding a metal-coated glass slide With a 
PDMS slab molded using soft lithography technology. An 
analysis unit embedded in the chip to measure RI includes a 
laser diode With one surface opposite a gold-coated mirror, 
forming an external laser cavity. A microlens array in the chip 
improves beam quality, and living cells in a buffer are driven 
by electrokinetic force and delivered into an analysis region 
along micro?uidic channels. A difference in RI betWeen a cell 
and the buffer changes the effective cavity length so that laser 
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emission varies, With a Wavelength shift. The cell’s effective 
RI can be computed by monitoring Wavelength and poWer. 
[0004] Table 1 from Liang shoWs a number of exemplary 
refractive indices relevant to cancerous cells. 

TABLE 1 

Cell Type Refractive Index 

Culture medium 1.350 
HeLa 1.392 
PC12 1.395 
MDA-MB-231 1.399 
MCF-7 1.401 
Jurkat 1.390 

[0005] Liang et al. state that automatic measurement of RI 
of a living cell in real time offers loW cost, high accuracy 
disease diagnosis. 
[0006] It Would be advantageous to have improved tech 
niques for optical cavities, including improved techniques for 
photosensing optical cavity output light. 

SUMMARY OF THE INVENTION 

[0007] The invention provides various exemplary embodi 
ments, including systems, methods, apparatus, and devices. 
In general, the embodiments involve photosensing optical 
cavity output light With one or more ICs. 
[0008] These and other features and advantages of exem 
plary embodiments of the invention are described beloW With 
reference to the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 is a schematic diagram of a system With a 
photosensing IC that provides sensing results in response to 
analyte-affected output light from an optical cavity. 
[0010] FIG. 2 is a schematic side vieW of a homogeneous 
optical cavity that could be used in the system of FIG. 1. 
[0011] FIG. 3 is a graph shoWing intensity-energy curves 
for transmission and re?ection from a cavity as in FIG. 2 
When operated as a Fabry-Perot cavity, shoWing Ways in 
Which information can be included in transmission mode 
peaks. 
[0012] FIG. 4 is a schematic side vieW of a graded optical 
cavity that is an example of an inhomogeneous optical cavity 
that could be used in the system of FIG. 1. 
[0013] FIG. 5 is a graph shoWing an intensity-position 
function of a cavity as in FIG. 4, shoWing both spectral and 
harmonic relationships betWeen peaks. 
[0014] FIG. 6 is a schematic diagram of a setup in Which an 
optical cavity as in FIG. 2 or 4 could operate to provide output 
light With re?ection modes. 
[0015] FIG. 7 is a schematic diagram of an implementation 
ofthe system of FIG. 1. 
[0016] FIG. 8 is a schematic circuit diagram of a system 
implemented as in FIG. 7. 
[0017] FIG. 9 is a How diagram shoWing operations of the 
analyte information routine in FIG. 8. 
[0018] FIG. 10 is a schematic top vieW of a device that can 
be used in a system implemented as in FIGS. 7 and 8. 
[0019] FIG. 11 is a schematic cross section of the device of 
FIG. 10, taken along the line 11-11. 
[0020] FIG. 12 is a graph shoWing tWo transmission spectra 
that could be obtained from a device as in FIGS. 10 and 11 
With analytes having different refractive indices. 
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[0021] FIG. 13 includes tWo graphs showing tWo transmis 
sion spectra that could be obtained from a device as in FIGS. 
10 and 11 With an analyte absent and present, With the second 
graph providing an absorption spectrum for the analyte. 
[0022] FIG. 14 is a schematic top vieW of a multiple chan 
nel device that can be used in a system implemented as in 
FIGS. 7 and 8. 
[0023] FIG. 15 is a schematic cross section ofthe device of 
FIG. 14, taken along the line 15-15. 
[0024] FIG. 16 is a ?owchart shoWing operations in pro 
ducing devices as in FIGS. 10, 11, 14, and 15. 
[0025] FIG. 17 is a schematic top vieW of components of an 
implementation of a system as in FIGS. 7 and 8 in Which 
relative motion occurs betWeen a biochip With an array of 
analyte-containing Wells or locations and a photosensing 
array. 
[0026] FIG. 18 is a schematic diagram of a setup that could 
be used in an implementation of a system as in FIGS. 7 and 8 
in Which analyte-containing objects such as biological cells 
pass through a laser cavity. 
[0027] FIG. 19 is a schematic side vieW of a graded optical 
cavity that can contain analyte and could be used in a system 
as in FIGS. 7 and 8. 
[0028] FIG. 20 is a schematic top vieW of a photosensing 
component as in FIG. 19. 
[0029] FIG. 21 is a schematic side vieW of an optical cavity 
that can be tuned by modifying the length of elastomer spac 
ers and could be used in a system as in FIGS. 7 and 8. 
[0030] FIG. 22 is a graph shoWing tWo transmission spectra 
that could be provided by tuning an optical cavity as in FIG. 
21. 
[0031] FIG. 23 is a schematic diagram of an analyZer on a 
?uidic structure, Where the analyZer includes a system imple 
mented as in FIGS. 7 and 8. 
[0032] FIG. 24 is a schematic diagram of an implementa 
tion of a system as in FIGS. 7 and 8 that can monitor analyte 
in bodily ?uid. 

DETAILED DESCRIPTION 

[0033] In the folloWing detailed description, numeric val 
ues and ranges are provided for various aspects of the imple 
mentations described. These values and ranges are to be 
treated as examples only, and are not intended to limit the 
scope of the claims. In addition, a number of materials are 
identi?ed as suitable for various facets of the implementa 
tions. These materials are to be treated as exemplary, and are 
not intended to limit the scope of the claims. 
[0034] “Light” refers herein to electromagnetic radiation of 
any Wavelength or frequency; unless otherWise indicated, a 
speci?c value for light Wavelength or frequency is that of light 
propagating through vacuum. The term “photon” refers 
herein to a quantum of light, and the term “photon energy” 
refers herein to the energy of a photon. Light can be described 
as having a “photon energy distribution”, meaning the com 
bination of photon energies that are included in the light; 
highly monochromatic light, for example, has a photon 
energy distribution With one peak energy value. A photon 
energy distribution can be speci?ed in space and time: For 
example, a photon energy distribution can be speci?ed as a 
function of position, such as on a surface, or as a function of 
time; a photon energy distribution that is “homogeneous” is 
substantially the same at all relevant positions, such as the 
positions of a surface, While a photon energy distribution that 
is “stable” is substantially the same at all relevant times. 
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[0035] Light can also be described as provided by a “light 
source,” Which, unless otherWise speci?ed, refers herein to 
any device, component, or structure that can provide light of 
the type described; examples of light sources relevant to the 
beloW-described implementations include various kinds of 
pulsed and unpulsed lasers and laser structures, light emitting 
diodes (LEDs), superluminescent LEDs (SLEDs), resonant 
cavity LEDs, sources of broadband light that is spectrally 
?ltered such as With a monochromator, and so forth. A “tun 
able light source” is a light source that provides light With a 
predominant photon energy that can be changed in response 
to a signal or operation of some kind. 

[0036] The term “laser” is used herein to mean any region, 
element, component, or device in Which transitions betWeen 
energy levels can be stimulated to cause emission of coherent 
light, such as in the ultraviolet, visible, or infrared regions of 
the spectrum. A “laser structure” is any structure that includes 
one or more lasers. A “laser cavity” is a region of a laser in 
Which transitions can be stimulated to cause emission. 

[0037] To “propagate” light through a region or structure is 
to transmit or otherWise cause the light to propagate through 
the region or structure. The light may be referred to as “propa 
gated light” or “propagating light”. 
[0038] Propagating light can often be usefully character 
iZed by direction and speed of propagation, With direction 
typically illustrated by one or more rays and With speed 
typically being described relative to the constant c, also 
referred to as the speed of light in vacuum. Where light 
changes direction in a Way that can be illustrated as a vertex 
betWeen an incoming ray and an outgoing ray, the change 
may be referred to as a “re?ection”; similarly, to “re?ect” 
light is to cause the light to change its direction of propagation 
approximately at a surface, referred to herein as a “re?ection 
surface”. Where light propagates at less than c, it may be 
useful to obtain an “optical distance” of propagation; for any 
segment of length d in Which speed of propagation is constant 
e*c, Where 621, optical distance D(e):d/e. An optical dis 
tance may be referred to herein as an “optical thickness”, such 
as Where light is propagating through a thickness of material. 

[0039] “Photon energy information” refers herein to infor 
mation about photon energy, such as information about Wave 
length, frequency, Wavelength shift, frequency shift, or a dis 
tribution of Wavelengths or frequencies. “Absolute photon 
energy information” is information about a given photon 
energy value, such as a speci?c Wavelength or frequency, 
While “relative photon energy information” is information 
that relates tWo photon energy values, Whether measured 
concurrently or at different times. 

[0040] The various exemplary implementations described 
beloW address problems that arise in using optical compo 
nents to obtain information, such as about analytes and their 
optical characteristics. The implementations are especially 
relevant to output light that includes information in its photon 
energy distribution. One problem is the dif?culty of obtaining 
high Wavelength resolution rapidly and Without bulky, expen 
sive equipment; absorption spectroscopy of analytes in ?uid, 
for example, typically requires Wavelength resolution of l- l 0 
nm or better. This can hardly be achieved With simple ?lter 
based optical systems; instead, bulky spectrometers are nec 
essary. Another problem in absorption spectroscopy is that a 
long interaction length betWeen light and analyte is required 
to detect small absorption changes, so that large sample 
chambers are necessary Which require a large amount of 
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analyte. It can also be problematic to provide sensitivity to 
Wavelength and not to intensity of incident light. 
[0041] To “photosense” is to sense photons, and to “photo 
sense quantity” of photons is to obtain information indicating 
a quantity of the photons. Photons that are photosensed are 
sometimes referred to herein as “incident photons”. A surface 
at Which photosensing occurs is referred to herein as a “pho 
tosensitive surface”. 
[0042] A “photosensor” is used herein to refer generally to 
any element or combination of elements that senses photons, 
Whether by photosensing quantity or any other information 
about the photons. A photosensor could, for example, provide 
an electrical signal or other signal that indicates results of 
sensing, such as a signal indicating quantity of incident pho 
tons; in general, signals from a photosensor that indicate 
results of sensing are referred to herein as “sensing results”. If 
electrical sensing events occur in a photosensor in response to 
incident photons, the photosensor may integrate or otherWise 
accumulate the results of the electrical sensing events during 
a time period referred to herein as a “sensing period” or 
“sense period”. 
[0043] A “range of photon energies” or an “energy range” 
is a range of energy values that photons can have. An energy 
range can be described, for example, as a range of Wave 
lengths or a range of frequencies or, in appropriate cases, by 
the range’s central Wavelength or frequency and possibly also 
the range’s Width. A “subrange” of a range of photon energies 
is a part of the range, and can be similarly described. A central 
Wavelength or frequency or other value indicating a central 
photon energy of a range or subrange is sometimes referred to 
herein as a “central energy”, and may be obtained in various 
Ways, such as by ?nding an energy that has maximum inten 
sity or that is another type of central value such as a mean or 
median of the distribution of light Within the range or sub 
range. 
[0044] In general, the upper and loWer boundaries and 
Widths of ranges and subranges are approximate. To provide 
output photons or to photosense quantity of photons 
“throughout”, “Within”, or “in” a range or subrange means to 
provide photons or to obtain information about quantity of 
photons that are predominantly Within the range or subrange. 
In typical cases, betWeen 60-90% of the provided photons or 
sensed quantity of photons have energies Within the range or 
subrange, but the percentage could be loWer or higher. In 
some applications, 90% or even 95% or more of the provided 
photons or sensed quantity of photons have energies Within 
the range or subrange. 
[0045] Some of the photosensing implementations 
described herein employ structures With one or more dimen 
sions smaller than 1 mm, and various techniques have been 
proposed for producing such structures. In particular, some 
techniques for producing such structures are referred to as 
“microfabrication.” Examples of microfabrication include 
various techniques for depositing materials such as groWth of 
epitaxial material, sputter deposition, evaporation tech 
niques, plating techniques, spin coating, printing, and other 
such techniques; techniques for patterning materials, such as 
etching or otherWise removing exposed regions of thin ?lms 
through a photolitho graphically patterned resist layer or other 
patterned layer; techniques for polishing, planariZing, or oth 
erWise modifying exposed surfaces of materials; and so forth. 
[0046] In general, the structures, elements, and compo 
nents described herein are supported on a “support structure” 
or “support surface”, Which terms are used herein to mean a 
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structure or a structure’s surface that can support other struc 
tures. More speci?cally, a support structure could be a “sub 
strate”, used herein to mean a support structure on a surface of 
Which other structures can be formed or attached by micro 
fabrication or similar processes. 

[0047] The surface of a substrate or other support surface is 
treated herein as providing a directional orientation as fol 
loWs: A direction aWay from the surface is “up”, “over”, or 
“above”, While a direction toWard the surface is “doWn”, 
“under”, or “beloW”. The terms “upper” and “top” are typi 
cally applied to structures, components, or surfaces disposed 
aWay from the surface, While “loWer” or “underlying” are 
applied to structures, components, or surfaces disposed 
toWard the surface. In general, it should be understood that the 
above directional orientation is arbitrary and only for ease of 
description, and that a support structure or substrate may have 
any appropriate orientation. 
[0048] Unless the context indicates otherWise, the terms 
“circuitry” and “circuit” are used herein to refer to structures 
in Which one or more electronic components have suf?cient 
electrical connections to operate together or in a related man 
ner. In some instances, an item of circuitry can include more 
than one circuit. An item of circuitry that includes a “proces 
sor” may sometimes be analyZed into “hardWare” and “soft 
Ware” components; in this context, “softWare” refers to stored 
or transmitted data that controls operation of the processor or 
that is accessed by the processor While operating, and “hard 
Ware” refers to components that store, transmit, and operate 
on the data. The distinction betWeen “software” and “hard 
Ware” is not alWays clear-cut, hoWever, because some com 
ponents share characteristics of both; also, a given softWare 
component can often be replaced by an equivalent hardWare 
component Without signi?cantly changing operation of cir 
cuitry. 
[0049] Circuitry can be described based on its operation or 
other characteristics. For example, circuitry that operates to 
monitor light is sometimes referred to herein as “monitor 
circuitry” and circuitry that operates to sense light is some 
times referred to herein as “sensing circuitry”. 
[0050] An “integrated circuit” or “IC” is a structure With 
electrical components and connections produced by micro 
fabrication or similar processes. An IC may, for example, be 
on or over a substrate on Which it Was produced or another 

suitable support structure. Other components could be on the 
same support structure With an IC, such as discrete compo 
nents produced by other types of processes. 
[0051] Implementations of ICs described herein include 
features characterized as “cells” (or “elements”) and 
“arrays”, terms that are used With related meanings: An 
“array” is an arrangement of “cells” or “elements”; unless 
otherWise indicated by the context, such as for a biological 
cell, the Words “cell” and “element” are used interchangeably 
herein to mean a cell or an element of an array. An array may 
also include circuitry that connects to electrical components 
Within the cells such as to select cells or transfer signals to or 
from cells, and such circuitry is sometimes referred to herein 
as “array circuitry”. In contrast, the term “peripheral cir 
cuitry” is used herein to refer to circuitry on the same support 
surface as an array and connected to its array circuitry but 
outside the array. The term “extemal circuitry” is more gen 
eral, including not only peripheral circuitry but also any other 
circuitry that is outside a given cell or array. 
[0052] Some of the implementations beloW are described in 
terms of “roWs” and “columns”, but these terms are inter 






































